There are various vigor tests for the evaluation of seeds physiological quality, however, few studies correlate this tests with plants emergency. This study aimed at identifying wheat (Triticum aestivum L.) seed analysis variables that best predict seedling emergence. Wheat seeds (CEP 30 cultivar) were divided into two batches, one initially subjected to the accelerated ageing process and forming the low-quality batch, and the other, without application of the accelerated ageing process, to compose a high-quality batch. The following seed test variables were evaluated: (i) percentage of normal seedlings in the germination tests, (ii) initial germination counting, (iii) accelerated ageing, (iv) cold test without soil, (v) germination speed index, and (vi) emergence of seedlings in sand after seven and 15 days. The following seedling characteristics were evaluated: root and shoot lengths, total length, and dry mass of the root and shoot. The characteristics evaluated for the seedlings were subjected to path analysis and the seed tests variables to stepwise multiple regression analysis, taking seedling emergence at seven days as the response variable. Factor analysis was also carried out on all variables. Dry mass of the shoot and root length presented the best correlation with seedling emergence for the high-quality batch, but this behavior was not observed for any variable in the low-quality batch. Accelerated ageing was the best seedling emergence estimator for both batches of the used cultivar.
Introduction
Good quality seeds are a fundamental requirement for production purposes, including the wheat (Triticum aestivum L.). Quality is defined as a set of genetic, physical, physiological and health-related attributes that influence the capacity of a seed batch to produce a uniform crop consisting of vigorous plants, representative of the cultivar, and free of invasive or undesirable plants (Popinigis, 1985) . The physiological quality of the seeds, for commercial purposes, is determined by germination testing, as described by Amaral and Peske (2000) . Although this type of testing is widely used, their results do not normally predict the emergence potential and the behavior of seedlings in the field, where conditions are almost always unfavorable (Barros et al., 2002) . Some factors inherent to the conditions of the actual test, such as the quality and moisture of the substrate and the temperature, can cause undesirable variations. Thus, it is necessary to evaluate seed vigor by means of other tests than the germination test, which can estimate seed performance when sown in the field, where they are exposed to various adverse factors.
Several laboratorial tests can be used to determine physiological quality. The variety of methods used in these tests means that some are more promising for certain crops, but not for others (Delouche, 1976) . There are also differences related to the time required and easiness with which these tests can be run, the material required and training of technicians. It is not therefore practical to run all the tests to determine the quality of seed batches, and those that correlate more closely to seedling emergence must be selected.
There are statistical techniques that can be used to evaluate the relationship between the laboratorial tests and seedling emergence in the field. These particularly include path analysis, multiple regression and factor analysis. Path analysis enables the researcher to understand the causes involved in the way that variables relate among themselves and to break down the existing correlation into direct and indirect effects, whereas multiple regression provides a way of selecting the variables based on an initial set of explanatory variables (Kurek et al., 2001) . Conversely, factor analysis is aimed at structuring and simplifying the original data, representing a large number of variables by a smaller number, expressed in linear combinations of the original data (Cruz and Carneiro, 2003) . Using these techniques, it is possible to select the vigor test or tests most appropriate for each crop. This procedure results in greater confidence in seed analysis, in addition to speeding up the production of results and minimizing the cost/benefit ratio in terms of labor and materials used in the laboratory. Thus, this study aimed at identifying the seed analysis tests and wheat seedling characteristics with the closest correlation to crop seedling emergence.
Material and Methods
This study was carried out in a greenhouse in Santa Maria, state of Rio Grande do Sul, Brazil (29º45' S; 53º42' W). CEP 30 cultivar seeds were used, divided into two batches of 1.0 kg each. Prior to carrying out seed analysis, one of the batches was subjected to accelerated ageing to form the low-quality batch. The accelerated ageing test was carried out following the method proposed by AOSA (1983) , which involves the use of gearbox-type adapted plastic boxes which serve as mini ageing chambers. Each box was incubated in a chamber at 41ºC for 48 h. The batch was called as low physiological quality based on the assumption that wheat is a winter crop and that heat stress applied in this process is one of the most damaging to seed quality. The second batch was kept under the original conditions to compose the high-quality batch.
After subdividing and batch characterizing, seed analysis tests were carried out by determining the percentage of normal seedlings. Normal seedlings are those that reveal a potential to continue their development and give origin to normal plants when growing under favourable conditions (Brasil, 2009 ). The germination test was carried out according to the Seed Analysis Rules (Brasil, 2009) . A germinator set to a constant temperature of 25ºC was used and the percentage of normal seedlings was evaluated at four (initial germination count) and eight days after starting the test.
The germination speed index was calculated on the basis of four replications of 50 seeds, with daily counts of the number of germinated normal seedlings, until a constant number of seedlings was obtained. For each replication, the germination speed index was calculated summing the num-ber of seedlings germinated on each day and dividing by the number of days elapsed since sowing the seeds on paper. The accelerated ageing test was carried out according to the method described above, and after 48 h of ageing, two samples of 50 seeds were subjected to germination, determining the percentage of normal seedlings six days after. Thus, seeds in the low-quality batch were subjected to two ageing processes, the first to characterize the batch and the second to evaluate the quality of the seeds using the accelerated ageing test. The cold test without soil was carried out in four replications of 50 seeds, sown on rolls of filter paper moistened with distilled water in a proportion of 2.5 times the mass of the dry paper. Next, the rolls were packed in plastic bags sealed with adhesive tape and transferred to a germinator set to a temperature of 10°C for seven days. Then the rolls were placed in a germinator at 25ºC for seven days, and the evaluation was based on the percentage of normal seedlings. Seedling emergence took place in a greenhouse, with seeds sown on trays of sand in 1-m rows spaced 60 mm and the seeds placed at a depth of 30 mm. Counts were taken at seven and 15 days after sowing and the results were expressed as the percentage of emerged seedlings. The experimental design was fully randomized with three replicates.
For seedling characterization, the aerial part length, root length and total seedling length were determined in four replications of ten seeds, sown in a row plotted on the top third of the paper towel, moistened with distilled in a proportion of 2.5 times the mass of dry paper. The rolls, placed in sealed plastic bags, were kept in a germinator at a constant temperature of 25ºC for five days. Evaluations were carried out by measuring the normal seedlings using a rule. After determining the length of the aerial part, root length and total seedling length, the dry mass of the root and aerial part were determined, which involved transferring the seedlings to paper bags and placing them in an oven at 80ºC for 48 h. After this period, they were placed in a desiccator for 15 min and the mass of the dry matter was determined.
The data were used for multicollinearity diagnosis for each set of explanatory variables (seedling characteristics and the seed test variables), for both batches. Variables were removed from each set (seedlings and seed tests) for each batch to analyze the condition number, always kept below 100 (weak multicollinearity). The variables removed were chosen based on the relationships between them, excluding those obtained by similar methods. Then, the remaining seedling characteristics were subjected to Pearson correlation analysis and path analysis, taking seedling emergence at seven days as the main variable. The remaining seed test variables were subjected to stepwise multiple regression, taking seedling emergence at seven days as the dependent variable, with the aim of identifying the relationship of these variables to wheat seedling emergence.
Factor analysis was carried out on all seedling characteristics and seed test variables, on a single set of data, aiming to confirm the results obtained in the previous analysis, to identify those that offered the best explanation of the total variation in the original data, choosing factors that explained around 80% of the cumulative variance explained, as recommended by Johnson and Wicherns (1998) .
The multicollinearity diagnosis, Pearson correlation, path analysis and factor analysis were carried out using the Genes software package , and stepwise regression using the NTIA software package (EMBRAPA, 1997) . A probability of 5% was used for all statistical analysis.
Results and Discussion
Using the multicollinearity diagnosis, the sets of explanatory seedling characteristics from both batches presented a condition number between 100 and 1,000 (weak to moderate multicollinearity). Therefore, root dry mass and total seedling length were removed from analyses of the characteristics seedling set, resulting a data set with weak multicollinearity.
For path analysis, the high-quality batch showed that the root length and shoot dry mass presented similar behavior, with significant correlation coefficients with seedling emergence and a high direct effect on emergence (Table 1) . Shoot length had a lower correlation coefficient with seedling emergence, with a high indirect effect through shoot dry mass. For the low-quality batch, no variable had a significant correlation coefficient with seedling emergence (Table 1) . Thus, for the seedling characteristics, shoot dry mass was closely correlated with wheat seedling emergence only for the high physiological quality batch. Furthermore, a high degree of association was observed for root length in the high physiological batch, and shoot length in the low-quality batch, this last variable having a negative correlation coefficient, making it difficult to understand in practical terms.
For the high-quality batch, the used variables explained 54.1% of the data variation, whereas for the low-quality batch, this figure was only 25.6%. This could be due to the higher degree of heterogeneity within the low-quality batch, that is, the different levels of deterioration between the composing seeds of the batch do not allow the relationships between the variables to be fully differentiated. The negative correlation coefficients for shoot and root lengths could also reflect this heterogeneity. The efficiency of the accelerated ageing test applied to the low-quality batch before carrying out the tests can be evaluated by the difference in sensitivity to age seeds in a given batch (Maia et al., 2007) . Thus, within a given batch, the most vigorous seeds retain their capacity to produce normal seedlings and are more likely to germinate after being subjected to accelerated ageing, whereas the viability of low-vigor seeds suffers greater impairment (Marcos-Filho, 1994) .
Using the stepwise multiple regression analysis on both batches, only the variable for percentage of normal seedlings obtained after accelerated ageing was included in the wheat seedling emergence prediction model (Table 2) . Taking into account the R-square, the data gave a good match for the selected model, considering that only one variable resulted in determination coefficients higher than 60% for both batches. Selecting the percentage of normal seedlings obtained after the accelerated ageing test in the emergence prediction model showed that the stress caused by the heat severely affected wheat seedling emergence. Sowing time in each region according to the soil and air temperatures is one of the factors that will determine crop seedling emergence in a uniform way, contributing decisively to the success of the crop.
The use of the accelerated ageing test to evaluate the physiological quality of seeds is promising for extensive crops, Table 1 -Direct and indirect effects of shoot dry mass, total root length and shoot length variables on the emergence of seedlings at seven days for wheat seed batches of low and high physiological quality. (Hampton and Tekrony, 1995) , maize (Zea mays L.) (Bittencourt and Vieira, 2007) and wheat Fanan et al., 2006) . These results point to the use of the accelerated ageing test for some summer crops as well, showing that this is one of the most important indicators of seed quality for various crops. For wheat seed batches, Fanan et al. (2006) concluded that accelerated ageing was adequate to evaluate seed vigor. Heat stress is one of the main limiting factors on wheat crops, especially in hotter regions (Cargnin et al., 2006) . Heat tolerance of the adult plant is associated with its tolerance at the seedling stage (Blum and Sinmena, 1994) . Thus, batches of seeds which show lower quality after accelerated ageing would be most damaged when this type of stress occurs in the field in any phase of crop development.
The factor analysis on the low-quality batch showed that the first three components were sufficient to explain 76.93% of the variance (Table 3) . For the high-quality batch, the first two components explained 84.11% of total variance. The loads obtained in factor analysis for the analyzed variables in the low-quality batch showed that the accelerated ageing test, total seedling length and seedling emergence at seven days are the variables that best explain the total existing variation. The high-quality seeds showed higher differentiation be- Table 3 -Eigenvalue, explained variance VE (%), and cumulative explained variance VEA (%) for the percentage of normal seedlings obtained in the germination tests (G), initial germination count (PC), cold test (TF), accelerated ageing test (EA), germination speed index (IVG), seedling emergence at seven days (EM7), seedling emergence at 15 days (EM15), root dry mass (MSR) and shoot dry mass (MSPA), and total seedling length (CP), root length (CR) and shoot length (CPA), for wheat seeds of low and high physiological quality.
High physiologic quality
tween the vigor tests, making it easier to choose the test to be used. This is proven by the explanation of total variation, in which the high-quality batch showed higher explained variation with fewer factors (Table 3) . For the high-quality batch, factor 1 refers to seed test variables, with the stronger explanation provided by seedling emergence at seven and 15 days, percentage of normal seedlings obtained by the accelerated ageing and germination tests. However, for the low physiological quality batch, this behavior is not so clear. Thus, for high-quality seeds, choosing the vigor test to be used turns the procedure easier due to the better differentiation between these tests (Table 4 ). Factor 2, in the high-quality batch, refers to the seedling characteristics, with total variation best explained by the root dry mass and total seedling length variables. For the low-quality batch, factor 1 is related to seedling characteristics and also to the tests, such as total seedling length, percentage of normal seed- lings obtained by the accelerated ageing test and seedling emergence at seven days. The second factor refers to the dry mass and length of the seedling aerial part. The third factor refers to the initial count of the percentage of normal seedlings obtained for the germination test and plant emergence at 15 days. Thus, the percentage of normal seedlings obtained for the accelerated ageing test is the most important variable for both wheat seed batches, as confirmed by all the methods used. For the high-quality batch, root length and Shoot dry mass showed greater correlation with seedling emergence. Thus, selecting these variables is recommended for predicting the physiological quality of wheat seeds.
Conclusions
The percentage of normal seedlings obtained by the accelerated ageing test was the most suitable variable for pre-dicting wheat seedling emergence in both high and low physiological quality batches. Root length and shoot dry mass correlated best with seedling emergence for the high physiological quality batch. For the low-quality batch, no variable was closely correlated with seedling emergence.
